The GLOBIO3 model has been developed to assess human-induced changes in biodiversity, in the past, present, and future at regional and global scales. The model is built on simple cause-effect relationships between environmental drivers and biodiversity impacts, based on state-of-the-art knowledge. The mean abundance of original species relative to their abundance in undisturbed ecosystems (MSA) is used as the indicator for biodiversity. Changes in drivers are derived from the IMAGE 2.4 model. Drivers considered are landcover change, land-use intensity, fragmentation, climate change, atmospheric nitrogen deposition, and infrastructure development. GLOBIO3 addresses (i) the impacts of environmental drivers on MSA and their relative importance; (ii) expected trends under various future scenarios; and (iii) the likely effects of various policy response options. GLOBIO3 has been used successfully in several integrated regional and global assessments. Three different global-scale policy options have been evaluated on their potential to reduce MSA loss. These options are: climate-change mitigation through expanded use of bio-energy, an increase in plantation forestry, and an increase in protected areas. We conclude that MSA loss is likely to continue during the coming decades. Plantation forestry may help to reduce the rate of loss, whereas climate-change mitigation through the extensive use of bioenergy crops will, in fact, increase this rate of loss. The protection of 20% of all large ecosystems leads to a small reduction in the rate of loss, provided that protection is effective and that currently degraded protected areas are restored.
INTRODUCTION
In recent years, several studies on global biodiversity loss have been carried out. These studies described the biodiversity situations at that time (Hannah and others 1994; Sanderson and others 2002; Wackernagel and others 2002; McKee and others 2003; Cardillo and others 2004; Gaston and others 2003) , or used expert opinions to estimate potential future impacts (Sala and others 2000; Petit and others 2001) . In the Global Environment Outlook 3 (UNEP 2002a) the consequences of four socio-economic scenarios on biodiversity were as-sessed, using the approaches of both the IMAGE Natural Capital Index (NCI) and GLOBIO2 (UNEP/ RIVM 2004) . In IMAGE-NCI biodiversity loss, defined as a deviation from the undisturbed pristine situation, was related to increased energy use, land-use change, forestry, and climate change, whereas in GLOBIO2 (UNEP 2001) the human influence on biodiversity was based on relationships between species diversity and the distance to roads and other infrastructure. The Millennium Ecosystem Assessment (MA) used a combination of IMAGE 2.2 (Alcamo and others 1998; IMAGEteam 2001) and Species Area Relationships to predict biodiversity loss, resulting from expected changes in land use, climate change, and nitrogen deposition (MA 2005) .
In 2002, during the sixth meeting of the Conference of the Parties to the Convention on Biological Diversity (CBD), the parties committed themselves to achieve, by 2010, a significant reduction in the current rate of biodiversity loss at the global, regional, and national level; as a contribution to poverty alleviation; and to the benefit of all life on earth (UNEP 2002b) . Later that year, governments adopted a plan of implementation at the World Summit on Sustainable Development (WSSD) in Johannesburg that recognized the same target and endorsed the CBD as the key instrument for the conservation and sustainable use of biological diversity.
To meet the challenge of evaluating the targets set by CBD and WSSD, an international consortium, made up of the UNEP World Conservation Monitoring Centre (WCMC), UNEP\GRID-Arendal and the Netherlands Environmental Assessment Agency (PBL) has combined the GLOBIO2 and the IMAGE-NCI approach, together with some aspects of the MA approach, into a new Global Biodiversity Model (GLOBIO3).
GLOBIO3 is built on a set of equations linking environmental drivers and biodiversity impact (cause-effect relationships). Cause-effect relationships are derived from available literature using meta-analyses. GLOBIO3 describes biodiversity as the remaining mean species abundance (MSA) of original species, relative to their abundance in pristine or primary vegetation, which are assumed to be not disturbed by human activities for a prolonged period. MSA is similar to the Biodiversity Integrity Index (Majer and Beeston 1996) and the Biodiversity Intactness Index (Scholes and Biggs 2005) and can be considered as a proxy for the CBD indicator on trends in species abundance . The main difference between MSA and BII is that every hectare is given equal weight in MSA, whereas BII gives more weight to species rich areas. MSA is also similar to the Living Planet Index (LPI, Loh and others 2005) , which compares changes in populations to a 1970 baseline, rather than to primary vegetation. It should be emphasized that MSA does not completely cover the complex biodiversity concept, and complementary indicators should be included, when used in extensive biodiversity assessments (Faith and others 2008) . Individual species responses are not modeled in GLOBIO3; MSA represents the average response of the total set of species belonging to an ecosystem. The current version of GLOBIO3 is restricted to the terrestrial part of the globe, excluding Antarctica. The global pictures and figures in this paper, therefore, refer only to terrestrial ecosystems.
Global environmental drivers of biodiversity change are input for GLOBIO3. We selected these drivers from a list based on 10 studies (Table 1) . Only direct drivers shown in Table 1 were selected. No cause-effect relationships are available for the drivers 'biotic exchange' and 'atmospheric CO 2 concentration' so they are not included in the current version.
The drivers land-use change and harvesting (mainly forestry), atmospheric nitrogen deposition, fragmentation, and climate change are sourced from the Integrated Model to Assess the Global Environment (IMAGE; MNP 2006). Infrastructure development uses the module developed within GLOBIO2 (UNEP 2001).
GLOBIO3 can be used to assess (i) the impacts of environmental drivers on MSA and their relative importance; (ii) expected trends under various future scenarios; and (iii) the likely effects of various responses or policy options. The model is designed to quantitatively compare MSA patterns and changes therein, at the scale of world regions. In this paper, we describe the cause-effect relationships between the environmental drivers and MSA; the aggregation procedures to calculate overall MSA values, and subsequently explore possible options that may reduce MSA loss on a global scale in light of the CBD target, assuming that MSA loss is a good indicator for biodiversity loss.
The options we explored are: (i) a climate change mitigation package, including energy consumption savings and the extensive use of bio-energy (Metz and Van Vuuren 2006) ; (ii) an increase in plantation forestry, which aims to fully meet the wood demand (Brown 2000) ; and (iii) a system of protected areas, representing all the world's ecosystems and all endangered and critically endangered species known to be globally confined to single sites (IUCN 2004; sCBD and MNP 2007) . We compared GLOBIO3: Options to Reduce Biodiversity Loss the projected effects of these policy options, by 2050, with the results of a reference scenario that assumes moderate growth of the human population and the economy, and an increased agricultural productivity (OECD 2008) . The effects of the socio-economic developments in the reference scenario and the policy options on land-use change and climate change were calculated with the IM-AGE 2.4 model (MNP 2006) . MSA values at a global level and for nine world regions (Figure 1) were calculated with GLOBIO3.
METHODS

Meta-Analyses and Cause-Effect Relationships
To construct cause-effect relationships for each driver we conducted meta-analyses of peer-reviewed literature. Meta-analysis is the quantitative synthesis, analysis, and summary of a collection of studies and requires that the results be summarized in an estimate of the 'effect size' (Osenberg and others 1999) . MSA is considered to be the effect size in our analyses. Meta-analyses were performed by first scanning the peer-reviewed literature using a relevant search profile in tools, such as the SCI-Web of Science. Secondly, we selected papers that present data on species composition in disturbed and undisturbed situations. Thirdly, these data were extracted from the paper and MSA values and their variances were calculated. MSA values were calculated for each study by first dividing the abundance of each species, recorded as density, numbers, or relative cover, found in disturbed situations by its abundance found in undisturbed situations, then truncate these values at 1, and finally calculate the mean over all species considered in that study. Species not found in undisturbed vegetations were omitted. Finally, a statistical analysis was carried out by using S-PLUS 7.1 (Insightful Corp 2005) .
To find relevant papers for land use, land-use intensity, and harvesting (including forestry), SCI-Web of Science was queried in April 2008 using the key words species diversity, biodiversity, richness, or abundance; land use, or habitat conversion; and pristine, primary, undisturbed, or original. The land-use types were categorized into 10 classes: primary vegetation, lightly used forests, secondary forests, forest plantations, livestock grazing, manmade pastures, agroforestry, low-input agriculture, intensive agriculture, and built-up areas (Table 2) . A linear mixed effect model was fitted to the data (Venables and Ripley 1999) .
The analysis for N deposition in excess of critical loads (N exceedance) was based on data from empirical N critical-load studies (Bobbink and others 2003) . Additional data were obtained from SCI-Web of Science queries in 2007. Data were analyzed for separate biomes using linear or loglinear regression.
In addition to papers collected for GLOBIO2 (UNEP 2001), Scopus and Omega (Utrecht Uni- versity Digital Publications Search Machine) were queried using the key words: road impact, infrastructure development, road effect, road disturbance, and road avoidance in August 2008. For each impact zone derived from UNEP/RIVM (2004) we estimated MSA using generalized linear mixed models (Pinheiro and Bates 2000) . The impact zones include effects of disturbance on wildlife, increased hunting activities, and small-scale land-use change along roads. The relationship between MSA and patch size was built upon data on the minimum area requirement of animal species defined as the area needed to support at least a minimum viable population (Verboom and others 2007) . The proportion of species for which a certain area is sufficient for their MVP is calculated and considered a proxy for MSA. A linear mixed effect model was fitted to the data (Venables and Ripley 1999) .
The cause-effect relationships for climate change are based on model studies. Species Distribution Models from the EUROMOVE model (Bakkenes and others 2002) were used to estimate species distributions for the situation in 1995 and the forecasted situation in 2050 for three different climate scenarios. For each grid cell the proportion of remaining species were calculated by comparing the species distribution maps for 1995 and for 2050 (Bakkenes and others 2006) . For each biome, a linear regression equation was estimated between the proportion of remaining species and the global mean temperature increase (relative to pre-industrial) (GMTI), corresponding to the different climate scenarios. Additionally, the expected stable area for each biome calculated for different GMTIs was derived from Leemans and Eickhout (2004) . They presented percentages of stable area of biomes at 1, 2, 3, and 4°C GMTI. Linear regression analysis was used to relate the percentages and GMTI. Stable areas for each biome (IMAGE), or group of plant species occurring within a biome (EUROMOVE) are considered proxies for MSA.
Input Data
The data for land cover and/or land use-and changes therein-come from the IMAGE model at (Bartholome and others 2004) . To translate these classes to the land-use categories considered here we first aggregated the GLC2000 classes into broader land-cover classes (Table 4) . Secondly we assigned different land-use intensity classes to these broad classes. 'Cultivated and managed areas' was divided into 'intensive agriculture' and 'low input agriculture' based on estimates of the distribution of intensive and low-input agriculture in different regions of the world, from Dixon and others (2001) . We assumed 100% intensive agriculture in regions not covered by these estimates (Table 2) . 'Mosaic of cropland and forest,' was treated as a 50-50% mixture of 'low input agriculture' and 'lightly used forest'. 'Scrublands and grasslands' were divided into 'pristine vegetations,' 'livestock grazing areas,' and 'man-made pastures'. 'Livestock grazing areas' were estimated by IMAGE for current and future years and distributed, proportionally, to all GLC2000 classes containing low vegetation. 'Manmade pastures' were assigned to the GLC2000 class of 'herbaceous cover' if found in originally forested areas according to the potential vegetation map generated by IMAGE (based on the BIOME model, Prentice and others 1992) . For future scenarios, the change in agricultural land and grazing areas calculated by IMAGE for each world region, was added to current land use and, proportionally, distributed over all grid cells.
Similarly, we assigned the land-use categories 'lightly used forest,' 'secondary forest,' and 'forest plantations' to forest classes of GLC2000. We used national data on forest use from FAO (2001) and assigned the derived fractions for each region, proportionally, to all grid cells that contain one or more GLC2000 forest classes (Table 3) . For future scenarios, we used calculations of future timber demands to obtain the areas needed to produce the timber, and proportionally distributed the new fraction to each grid cell.
Water bodies are excluded from the analyses and 'artificial surfaces' are all considered to be built-up areas. Bare areas are considered to be areas of primary vegetation if the potential vegetation is ice, snow, tundra, or desert, according to the BIOME model. Scrub classes are considered to be secondary vegetation if the potential vegetation is forest, except for boreal forests, where scrub vegetation is assumed to be part of the natural ecosystem.
IMAGE simulates global atmospheric N deposition, based on data on agricultural and live stock production (MNP 2006) . A critical-load map for major ecosystems was derived from the soil map of the world and from the sensitivity of ecosystems to N inputs (Bouwman and others 2002) . The exceedance of N deposition was defined to be the amount of N in excess of the critical load and obtained by subtracting the critical load from N deposition. The N-exceedance is input for GLO-BIO3.
A global map of linear infrastructure, containing roads, railroads, power lines, and pipe lines, was derived from the Digital Chart of the World (DCW) database (DMA 1992) . Buffers of different width, The proportion of lightly used forest could not be estimated and is included in the primary forest category.
varying between biomes, were calculated and assigned to impact zones according to UNEP/RIVM (2004) . The impact zones were summarized at 0.5°g rid resolution. Patch sizes were calculated by first reclassifying GLC2000 into two classes: man-made land (including croplands and urban areas) and natural land, all the rest. An overlay with the main roads derived from the infrastructural map resulted in a map of patches of natural areas. For future scenarios, the patch sizes were adapted as a result of land-use change, by adding or subtracting the amount of natural area assigned to each grid cell.
Global mean temperature change was directly derived from IMAGE.
Calculation of MSA and Relative Contributions of Each Driver
For each driver X a MSA X map is calculated by applying the cause-effect relationships to the appropriate input map. Little quantitative information exists on the interaction between drivers. To assess possible interactions assumptions can be made, ranging from 'complete interaction' (only the worst impact is allocated to each grid cell) to 'no interaction' (the impacts of each driver are cumu- GLOBIO3: Options to Reduce Biodiversity Loss lative). In the no-interaction case, for each IMAGE grid cell, GLOBIO3 calculates the overall MSA i value by multiplying the individual MSA X maps derived from the relationships for each driver:
where i is a grid cell, MSA i is the overall value for grid cell i, MSA Xi is the relative mean species abundance corresponding to the drivers LU (land cover/land use), N (atmospheric N deposition), I (infrastructural development), F (fragmentation), and CC (climate change).
As the area of land within each IMAGE grid cell is not equal, the MSA r of a region is the area weighted mean of MSA i values of all relevant grid cells.
where A i is the land area of grid cell i.
The relative contribution of each driver to a loss in MSA may be calculated from formulas 1 and 2.
We assumed that N deposition does not affect MSA in croplands, because the addition of N in agricultural systems was expected to be much higher than the atmospheric N deposition, and should have already been accounted for in the estimation of agricultural impacts. Furthermore, climate change and infrastructure were assumed to affect only natural and semi-natural areas, and effects of infrastructure were reduced in protected areas.
Scenario and Policy Options
Reference Scenario A moderate socio-economic reference scenario has been used as a reference to evaluate the effects of the options (OECD 2008) . The key indirect drivers, such as global population and economic activity, increase under this scenario. Between 2000 and 2050, the global population is projected to grow by 50% and the global economy to quadruple. This reference scenario is comparable with the B2 scenario in the Special Report on Emissions Scenarios (SRES) (Nakicenovic and others 2000) and the 'Adaptive Mosaic' scenario of the Millennium Ecosystem Assessment (MA 2005).
Option: Climate Change Mitigation Through Energy Policy
The implementation of an ambitious and bioenergy-intensive climate change mitigation policy option would require substantial changes in the world energy system (Metz and Van Vuuren 2006) . The mitigation option studied here involves stabilizing CO 2 -equivalent concentrations at a level of 450 ppmv, which is in line with keeping the global temperature increase below 2°C. One of the more promising possibilities for reducing emissions (in particular, from transport and electric power generation) is the use of bioenergy. A scenario has been explored in which bioenergy plays an important role in reducing emissions. In this scenario, major energy-consumption savings are achieved, and 23% of the remaining global energy supply, in 2050, will be produced from bioenergy.
Option: Plantation Forests
The demand for wood is expected to increase by 30%, by 2050, leading to an increased use of (semi-) natural forests under the reference scenario. The option comprises a gradual shift of wood production toward sustainable managed plantations, aiming for a complete supply by plantations by 2050.
Option: Protected Areas
Protecting 10% of all biomes, a target of the CBD Programme of Work on Protected Areas, has nearly been achieved in the baseline scenario. Therefore, we analyzed the implementation of effectively conserving 20% of all biomes and all known single-site endemics. Conceptual maps of an extended protected-areas network were developed by using the . All sites of alliance for zero extinction (singlesite endemics, Ricketts and others 2005) were selected for addition to the network. To achieve the 20% target for each biome, based on a consensual view on biodiversity value, potential new, protected cells were ranked for inclusion, based on the number of prioritization schemes that included that cell, with random selection in the case of a tie.
RESULTS
Cause-Effect Relationships
Land Use, Harvesting, and Land-Use Intensity
We identified 89 published data sets, comparing species' abundance between at least one land-use type and primary vegetation. Many studies describe plant or animal species in the tropical forest biome. However, available studies from other biomes confirm the general picture. The estimated MSA values for each land-use category, presented in Table 4 and Figure 2 , are significantly different from primary vegetation, but some categories show a high variability, especially secondary forests. For urban areas no proper data were found and the value 0.05 was assigned by expert opinion, representing the densely populated areas of city centers. The analysis will be published in more detail in a paper in preparation.
Atmospheric Nitrogen Deposition
We found 22 papers on the experimental addition of nitrogen (N) to natural systems and its effects on species richness and species diversity. Cause-effect relationships were established between the yearly amount of added N which exceeds the empirical critical-load level and the relative local species richness (considered as a proxy for MSA). We assumed that the experimental addition of N has effects that are similar to atmospheric deposition. Table 5 and Figure 3 present the regression equations for the biomes included (more details will be published in a paper in preparation).
Infrastructure
We used about 74 studies on the impacts of infrastructure on abundances of species. Species groups include birds, mammals, insects, and plants. Some authors studied direct effects of roads and road construction by measuring the abundance of species near roads and on larger distances from roads. Other authors studied indirect effects like the increase of hunting and tourism occurring after road construction. Impacts of infrastructure differ among ecosystems. We derived the impact zones along roads from the UNEP (2001), shown in Figure 4 . Table 6 and Figure 5 show the average MSA values for different impact zones using both indirect and direct effects. Indirect effects especially are still noticeable at distances of more than a few kilometers, dependent on biome. We are preparing a paper describing direct and indirect effects, separately, and in more detail. Table 4 
GLOBIO3: Options to Reduce Biodiversity Loss
Fragmentation
Six datasets on a large sample of species were used to derive the relationship between MSA and patch size, using the proportion of species that have a viable population as a proxy (Allen and others 2001; Bouwma and others 2002; Woodroffe and Ginsberg 1998) . Table 7 and Figure 6 show MSA values for different patch-size intervals. Data show that patches of over 10,000 km 2 of suitable habitat provide sufficient space for viable populations of any species. Table 8 shows the regression coefficients for each biome, using either species shifts derived from EUROMOVE or biome shifts from IMAGE. Standard errors of the coefficients shown, only describe the uncertainty of the regression model and not of the underlying data and models. In GLOBIO3, we selected the regression-equation lines that predict the smallest effects, yielding conservative estimates. Figure 7 shows some results of the EURO-MOVE analysis.
Climate Change
Application: Exploring Options to Reduce Biodiversity Loss
Reference Scenario
Globally, the need for food, fodder, energy, wood, and infrastructure will unavoidably lead to a decrease in undisturbed areas within all ecosystems. The impacts of climate change, nitrogen deposition, fragmentation, and infrastructure on biodiversity will further expand. As a result, global MSA is projected to decrease from about 0.70 in 2000, to about 0.63 by 2050. To put these figures in context, 0.01 of global MSA is equivalent to the conversion of 1.3 million km 2 (an area the size of Peru or Chad) of intact primary ecosystems to completely transformed areas with no original species remaining. Figure 8A and B shows the global MSA map for 2000 and for the baseline scenario in 2050, respectively. Land-use effects are dominant in these maps. Dryland ecosystems-grasslands and savanna-will be particularly vulnerable to conversion, over the next 50 years. Increasing effects of infrastructure are visible in northern Asia and Africa. Much of the world's remaining natural areas will consist of mountainous, boreal, tundra, ice, and arid to semi- arid ecosystems, all of which are generally considered less suitable for human settlement.
Regional and global averages of MSA and the relative contributions of the different drivers to MSA loss in 2000 are shown in Table 9 and Figure 9 . Here, land uses, including agriculture and forestry, are the most important factors of reducing MSA. Infrastructure and fragmentation are smaller factors, but still important, whereas climate change and N deposition are shown to be minor factors in 2000. Over time, the relative importance of the drivers will change; the effect of climate change is For each option additional (-) or avoided (+) loss in 2050, relative to the reference scenario.
expected to increase, significantly, in the baseline scenario, whereas the impact of agriculture is expected to increase only slightly (Figure 9 ). Regions containing large areas of low-productive natural ecosystems, such as desert and tundra, show higher MSA values than regions already extensively used, for instance Europe and South-east Asia. The effects of the different policy options are shown in Table 9 and Figure 9 .
Option: Climate Mitigation
By 2050, the MSA gain (+0.01) due to avoided climate change and reduced nitrogen deposition, does not compensate for the MSA loss (-0.02) resulting from additional land use for bioenergy production, representing about 10% of the global agricultural area. The net MSA loss ranges from between -0.02 and +0.006. Net losses are expected in regions where bioenergy crops are expected to be produced (North and South America, Russia, and North Asia); net MSA gain is expected in regions where reduced climate impacts are expected to occur (for example, North Africa). Bioenergy is assumed to be obtained from products mostly grown on abandoned agricultural land and converted natural grasslands.
Option: Plantation Forestry
Implementing the option in which the area for plantation forestry is increased, so that all wood produced in 2050 comes from sustainably managed plantations, leads initially to additional MSA loss due to increased land use for plantation establishment. When plantations gradually take over global production, the previously exploited (semi-)natural forests are left to recover. By 2050, the total worldwide MSA loss in the plantation-forestry option is slightly less (0.001) than the loss resulting from ongoing exploitation of mostly (semi-)natural forests in the baseline scenario, ranging from a decreased MSA in Europe (-0.006) to an increase of 0.008 in South and East Asia. As the (semi-)natural forests recover further, after 2050, the option will show better performance, in the longer term.
Option: Protected Areas
Effective conservation of 20% of each biome, for each major global region, will reduce global MSA loss by about 0.01, ranging from 0.002 and 0.005 in North Africa and South America, respectively, where a large area is already formally protected, to 0.029 in Oceania and Japan. Effective conservation reduces land conversion, as well as hunting and small-scale human settlement, in areas that are still intact, and also enables restoration of partly degraded protected areas. Impacts of drivers, such as nitrogen deposition, fragmentation, and climate change, will, however, continue to affect protected areas.
MSA gains from effective conservation and restoration are partly compensated, following the shift of agricultural activities to adjacent areas, to fulfill human needs.
DISCUSSION AND CONCLUSIONS
The GLOBIO3 framework, linked to the integrated model IMAGE 2.4, allows the analysis of the biodiversity impacts in terms of MSA, of scenarios and policy options, at a global and regional level. The GLOBIO3 model framework is static rather than dynamic, and deterministic rather than stochastic. It is an operational tool to assess the combined effects of the most important drivers of biodiversity change.
Our conclusions confirm earlier studies and recent global assessment, such as the Millennium Ecosystem Assessment and the second Global Biodiversity Outlook (MA 2005; sCBD 2006) . However, we need to consider a series of uncertainties inherent to GLOBIO3. Uncertainties relate to the cause-effect relationships, the drivers considered, the models estimating the drivers, the underlying data, and the indicators used. A formal uncertainty analysis including variances related to the MSA estimates and to the model outcomes of drivers is beyond the scope of this paper, and the topic for further study (for example, Hui and others 2008) .
The cause-effect relationships are based on a limited set of published studies, which were interpreted in a uniform framework. Being a compilation of existing knowledge, the set of studies does not cover all biomes or represent all important species groups. For land use we performed an extensive meta-analysis and showed that MSA gradually decreases with land-use intensity increase. Our estimates are close to those found by Scholes and Biggs (2005) and Nichols and others (2007) , although they used different indicators. Scholes and Biggs estimated the fractions of original species populations under a range of land-use types in southern Africa, based on expert knowledge. Nichols and others presented a meta-analysis on the effect of land conversion in tropical forests on dung beetles and used the Morisita Horn index of community similarity. Studies from currently heavily converted regions, such as Europe and East Asia, are underrepresented.
For infrastructure many of the studies included in the meta-analysis were performed in tundra and boreal forests, on either birds or mammals. Thus, effects on, for example, plants and insects, are underrepresented, yielding a bias to large animals. In contrast, effects of N deposition on MSA are mainly based on studies of plant species composition from temperate regions. Describing the effects of fragmentation, we chose to use data on the minimum area requirement of species. However, direct relationships of species abundances and patch size are also available (see Bender and others 1998) . Although their conclusions are qualitatively similar to ours, a cause-effect relationship, based on the studies used by Bender and others may well differ from the MAR relationship. For climate, we here used generalizations from model studies on plant species in Europe (Bakkenes and others 2002) and biomes (Leemans and Eickhout 2004) . The forecasted shifts of biomes are also used in the Millennium Ecosystem Assessment to mimic the effect of climate change on species (MA 2005) . Currently, more studies are available on shifts of species using climate envelopes and forecasted climate change (for example, Peterson and others 2002; Thuiller and others 2006; Araú jo and others 2006) . Using these results the cause-effect relationship for climate may be improved, significantly. The possibilities of the use of paleo-ecological records to derive cause-effect relationships for climate change would be worth exploring.
Extensive meta-analyses, as used in GLOBIO3, depend on research papers that not only summarize field data, but also provide raw data on species occurrences. An alternative method for modeling impacts on biodiversity is to work with species distribution and abundance data. Long-term time series of species occurrences and abundances may help to validate the GLOBIO3 results (de Heer and others 2005). Models for species distribution can be developed by using different statistical techniques, combining the drivers behind species distributions, as suggested by Guisan and Zimmermann (2000) and further explored by Araú jo and New (2006) . Some factors of possible major impact on biodiversity have not yet been included in the model. Sala and others (2000) considered the impact of biotic exchange and the direct impact of increased CO 2 concentration in the atmosphere to be major factors, but, for these factors, cause-effect relationships have not yet been established in GLO-BIO3, due to a lack of data. Other factors, such as fire incidence, extreme events, pollution (except atmospheric N deposition) have not been addressed, either.
In addition to the cause-effect relationships, the GLOBIO3 model results depend largely on the quality of the data input. The area and spatial distribution of the different land-use classes is of particular importance. Different methods are used to estimate the areas of cropland, grazed land, forests, and other natural areas. Statistics available from the FAO (FAO 2006) and different satellite imagery sources (Bartholome and others 2004; Fritz and See 2008) indicate that uncertainty remains about the total area of agricultural land.
Similar uncertainties exist for the other drivers. Uncertainties in measurements and model forecasts for climate and N deposition are extensively documented in IPCC reports (IPCC 2007) . The DCW infrastructure map is far from complete and differs, in detail, between regions. This incompleteness of the map makes it difficult to adequately distinguish between important roads and small roads. In addition forestry tracks, which have large impacts on biodiversity, are only sparsely represented in the DCW map. However, the DCW map is the only global map on infrastructure available and several other studies used the map to assess effects on biodiversity (Sanderson and others 2002; Wackernagel and others 2002) .
The use of other indicators, as proposed in the core set by the Convention of Biological Diversity, may emphasize other aspects of biodiversity loss . Especially in the option of increasing protected areas, which are designed to protect specific species or ecosystems, a Red List index or indicator that is sensitive to uniqueness, will probably show stronger positive effects. By setting up a well-chosen network of protected areas, relatively large and intact ecosystems will be conserved, containing the majority of the species, including large-bodied, often slow-reproducing, and space-demanding species, such as large carnivores and herbivores, primates, and migratory animals. This will obviously improve the 'threatened' status of numerous species.
In spite of these uncertainties, our results show that MSA loss is expected to continue in every region of the world, but most severely in Sub-Saharan Africa and Europe. According to the baseline scenario, the rate of loss will not change in the coming 40-50 years, as a consequence of persistent economic and demographic development trends. These results are in line with the results from other global studies. Patterns of human disturbance, reflected by population density, degrees of human domination of ecosystems (McKee and others 2003; Cardillo and others 2004; Hannah and others 1994) , patterns of the human footprint (Sanderson and others 2002) , and patterns of human appropriation of net primary production (Imhoff and others 2004) , all tend to match the MSA estimates of GLOBIO3. The estimated MSA loss (0.30) compared to pristine is similar to the results of Gaston and others (2003) , who reported a range between 13 and 36% in reduced bird numbers. The Millennium Ecosystem Assessment estimates a global reduction of vascular plant biodiversity of between 13 and 19%, between 1970 and 2050, whereas we estimated a reduction of between 7 and 9%, from 2000 to 2050. The similarity of the different analyses is not surprising, because all methods are dominated by factors related to land use and land conversion.
The OECD baseline scenario assumes that a considerable increase in agricultural productivity can be attained. The required agricultural area is up to 20% smaller than in the often used SRES scenarios of the Intergovernmental Panel on Climate Change (IPCC), and up to 28% smaller than in the Millennium Ecosystem Assessment (MA) scenarios (MA 2005) . These scenarios, therefore, project an even greater loss of global MSA than does the OECD baseline scenario. Hence, it is unlikely that the CBD target of significantly reducing the rate of biodiversity loss for 2010 will be met, at the global level, assuming that MSA loss corresponds to overall biodiversity loss. Increasing agricultural productivity determines the differences between these scenarios and can, therefore, be a key factor in reducing the rate of MSA loss in the future. In addition we showed that some policy options may reduce the rate of loss, significantly. Production of wood in plantation forestry systems-where, in the long term, wood is produced on well managed plantations-has small but significant effects. An increase in protected areas in a well-chosen and effective network may also reduce MSA loss significantly, despite the trade-off with areas outside protected areas that will be converted, instead. As protected areas generally are focused on species rich areas a weighted version of MSA, using species numbers, may have given a more pronounced effect.
Climate change mitigation, including the largescale production of bio-energy crops, may have negative effects on MSA, with the positive effects of reducing climate change overruled by the negative effects of increased agriculture, even in a scenario that limits the scope to which natural ecosystems may be converted. Other climate change mitigation options, such as a successful agreement on reducing emissions from deforestation and forest degradation, may reduce future MSA loss, significantly.
GLOBIO3: Options to Reduce Biodiversity Loss
A concerted effort is essential, if the rate of loss is to be reduced in the coming 40-50 years. Optimal results can be obtained through a combination of options, including: maximum enhancement of agricultural productivity, reducing climate mitigation with little or very careful implementation of bio-energy, establishing plantation forestry on degraded lands, and realizing a major increase in effectively protected areas.
GLOBIO3 has proven to be very useful in global and regional biodiversity assessments, especially where scenarios or policy options were compared for their consequences. GLOBIO3 is successfully applied in regional and thematic assessments in the Himalaya and for deserts (Nellemann 2004; UNEP 2006) . In recent global assessments, GLOBIO3 was virtually the only available tool to assess possible consequences for biodiversity at that level (OECD 2008; UNEP 2007) . Although GLOBIO3 is designed for global applications and, as such, can be considered part of the broader IMAGE 2.4 framework (MNP 2006) it is possible to use GLOBIO3 to examine the impact of drivers simulated by other models (for example, Verboom and others 2007) . Furthermore the GLOBIO3 concept and cause-effect relationships are applicable for countries and regions where extensive data on biodiversity are absent.
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